Introduction
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The ageing of bitumen plays a critical role in determining how asphalt mixtures are able 54 to resist fatigue cracking [1] . Bitumen hardening due to ageing is primarily linked to 55 two factors; one is the loss of volatile components and bitumen oxidation that occurs 56 during the manufacture of asphalt mixtures and the other is the progressive oxidation of 57 the material during the service life of the mixture. Both factors cause an increase in 58 bitumen viscosity and a consequent stiffness of the mixture. 59 From a mechanical viewpoint, it is universally accepted that ageing takes place in two 60 stages [2] . The first stage, known as short-term ageing (STA), occurs during asphalt 61 mixing and laying. The second stage, referred to as long-term ageing (LTA), results 62 from the environmental conditions that prevail during the service life of the mixture, 63 although its effect is greater at the pavement surface, and decreases with depth. 64 Hardening due to ageing is the result of several processes that occur during the life of 65 asphalt mixtures [3] and can be attributed to chemical ageing and physical ageing or 66 steric hardening [4, 5] . 67 Physical ageing is a reversible process that consists of a re-orientation of the molecules 68 in the bitumen structure, combined with the slow crystallization of waxes at room 69 temperature [6] . This process results in increased viscosity (without chemical 70 modification) of the bitumen components. This phenomenon can be reversed through 71 heat or mechanical work [7] . 72 Chemical ageing is the most important and complex process, and includes loss of 73 volatiles, exudative hardening, and oxidation process. Together, these three chemical 74 processes lead to a hardening of the mixture [8] caused by the ageing of the bitumen, 75 which becomes hard and brittle [9] . The oxidation and volatilization processes, slow at 76 room temperature, are accelerated when the bitumen is exposed to high temperatures, 77 such as during the manufacturing, transportation, and laying of the mixture. Unlike 78 physical hardening, this process is irreversible. 79 Volatilization only plays an important role during the manufacturing of asphalt concrete 80 (at high temperatures), i.e., this process is linked to short-term ageing of the bituminous 81 mixture. Temperatures reach and exceed 150°C, causing lighter fractions of the bitumen 82 to evaporate. An additional temperature of 10-12°C could double the emissions of 83 volatiles [8] . 84 With respect to the oxidation process, it is known that oxygen diffuses rapidly through 85 interconnected air voids following compaction of the mixture. Gradual chemical 86 reactions between oxygen and the aggregate-binder interface then appear. This 87 phenomenon, known as "oxidative ageing" [10, 11, 12] , is one of the most important 88 factors that substantially contributes to the hardening and embrittlement of the mixtures.
89
This process leads to an increase in stiffness and a decrease in ductility that most 90 probably affects the resistance of the mixture to cracking [13] 
EBADE Test
The resistance of these binders to repeated loads was assessed using a new cyclic Catalonia and is described below. EBADE is the Spanish acronym for strain sweep test.
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All the specimens were fabricated with the aforementioned bitumen. The specimens 176 were cylinders of 20 mm of diameter and around 40 mm in height (see Figure 1a ). The 177 asphalt binder was heated to 165ºC in the oven. Specimens were left to cool at room 178 temperature, after which they were removed from the mould and glued to a servo- 179 hydraulic press in order to conduct the tests (see Figure 1b) . The EBADE test is a cyclic tension-compression test at controlled strain. Several strain 187 amplitudes were applied, in ascending order, in stages of 5,000 loading cycles at a 188 frequency of 10 Hz. The polymer and crumb rubber modified bitumens had higher penetration values than Based on the results obtained in Figure 5, The EBADE tests were conducted on 3 specimens for each binder, test temperature, and 320 ageing condition. Using the results yielded from the 3 specimens, the average curves 321 that represent the behaviour of the binder for each test condition were generated. It is clear that initial modulus increased with a decline in temperature, whereas both 338 failure strain and failure cycle gradually decreased. were obtained from this average result, these being initial modulus and failure strain. 
